This paper presents a new method for process synthesis and economic assessment for solid drug product manufacturing, considering continuous manufacturing as a prominent process alternative. Of the three phases of drug development, phase II was targeted where the dosage form, formulation, and processing technology are determined. For a comprehensive alternative generation, a superstructure was developed that covered 9452 options for the unit level, which was combined with two options on the formulation strategy. The generated alternative was assessed by a net present value calculation model, which was adapted for dynamic cash flow consideration in the drug lifecycle. The model can incorporate uncertainty in the drug development and manufacturing in the result, and can perform global sensitivity analysis by Monte Carlo simulation. The method was demonstrated in a case study where two different scenarios regarding the price of the active pharmaceutical ingredient and the demand for the product were assumed. The results showed that when the demand and price are both low, the labor-related costs are dominant, and in the opposite case, the material-related costs become relevant. We also introduce the prototype version of the software "SoliDecision," by which the presented method was implemented for industrial application.
Introduction
Solid drug products such as tablets or capsules are the most produced drugs, from among all types of drug products. As a result of the high level of research and development activity in this area, 31 new solid drugs were approved by the Food and Drug Administration of the US (FDA) in 2018 [1, 2] . Solid drug products are generally manufactured through a chain of powder-processing units with the active pharmaceutical ingredient (API) as the starting material. Examples of such units include mixing, granulation, drying, compression, and coating, which are connected linearly without recycling of the materials. Various alternatives exist on the unit level, such as direct compression, which skips granulation, and on the product level, such as different formulation or dosage form. When designing a process, numerous alternatives need to be synthesized, analyzed, and evaluated to determine the more promising ones, in parallel with the clinical development, which is, by nature, uncertain.
The difficult task of process design has become more complex with the emergence of continuous manufacturing. The latter technology literally enables continuous processing of powder materials in the abovementioned units, which in the current practice are performed batchwise. There is a strong expectation in solid drug product manufacturing that continuous manufacturing would replace batch manufacturing [3] . From 2015 to date, the FDA has approved the use of continuous manufacturing for five products [4] . The potential benefits of continuous manufacturing are ease of scale-up, flexibility in demand change, and the capability of reducing the number of operators [5] . Ongoing discussions on the regulatory aspects such as control strategy [6, 7] are consolidating the way to implement this new technology, which promises to make some of the units or even the entire process continuous [8] . However, the progress in continuous manufacturing requires coping with the increased complexity in the process design.
Previous studies on process-related issues in solid drug product manufacturing have focused on specific production units, in particular, granulation and compression. The population balance model (PBM) has been widely applied to batch high-shear [9] , fluidized-bed [10] , and continuous twin-screw granulation [11] . Tamrakar and Ramachandran integrated PBM with the discrete element method (DEM) and computational fluid dynamics (CFD) for modeling fluidized-bed granulation [12] . Applications of DEM and other advanced simulation techniques were used for roller compaction [13] , compression [14] , and coating [15] .
Several authors have covered the entire manufacturing process. Flowsheet models have been developed to predict dynamics for processes based on direct compression [16] , dry granulation [17] , and wet granulation [18] . Singh et al. developed a control strategy for dry granulation and implemented it into a process-wide flowsheet based on firstprinciples models [19] . In a case study, Schaber et al. assessed the economic performance of the integrated API and tablet manufacturing process, highlighting the benefits of continuous manufacturing [20] . Aigner et al. proposed a ranking-based economic comparison method between batch and continuous processes, which can be used in the early stages of process development [21] . For the later development stages, Matsunami et al. presented a method for selecting batch and continuous processes based on the net present operating cost [22] . By conducting industrial scale experiments, Matsunami et al. compared the product quality and process performance of both processes, providing insights for process-related decision-making [23] . However, the focus in these previous studies has been limited to specific technologies and products, such as wet granulation, and ethenzamide tablets, respectively.
Decision-making is always associated with uncertainty. Several authors tackled this relevant issue in drug development and manufacturing. Sundaramoorthy et al. performed capacity planning in continuous manufacturing based on a two-stage ("here-and-now" and "wait-and-see" decisions) stochastic programming approach [24, 25] . Marques et al. proposed a framework for product-launch planning based on multiobjective integer programming and Monte Carlo simulation (MCS) [26, 27] . Walther et al. applied MCS for biopharmaceutical manufacturing, to quantify the possible range of net present value (NPV) considering uncertain events such as success/failure in clinical trials [28] . For the pharmaceutical industry, MCSrelated techniques have a great potential for use in process and product development, which are by nature uncertain.
Another prerequisite for decision-making is a holistic viewpoint. This is particularly important for solid drug manufacturing, where new technologies such as continuous manufacturing are intensively developed. In the field of process systems engineering (PSE), superstructures that consider various alternatives simultaneously have been studied. Prominent examples include the flowsheet superstructure [29] , state-task and state-equipment networks [30, 31] , stepwise superstructure [32] , and the processing step-interval network [33] . However, the application of these otherwise useful techniques for pharmaceutical manufacturing processes is still limited.
In this work, we present a new method for process synthesis and economic assessment for solid drug product manufacturing, considering continuous manufacturing as a prominent process alternative. The main aim was to provide a new mechanism for exhaustive enumeration and economic assessment of process alternatives considering the uncertainties in the product and process development. Of the three phases of drug development, phase II was targeted, where the dosage form, formulation, and processing technology are determined. A superstructure was developed for the generation of a comprehensive alternative that covers numerous options at the unit level; this superstructure was combined with the formulation strategy options. The generated alternative was assessed using an MCS-based model for calculating NPV, followed by a global sensitivity analysis. The workflow was demonstrated in a case study where two different scenarios regarding API price and demand were assumed. We also introduce the prototype version of the software "SoliDecision," which implemented the presented method for an industrial application. An earlier version of the process synthesis and stochastic economic evaluation was presented at the 13th International Symposium on Process Systems Engineering [34] .
Method

Superstructure-based process synthesis
Superstructure representation
We define a superstructure representation of solid drug product manufacturing processes (Fig. 1 ). The method of Wu et al. [35] , which defines units, ports, and streams, was adopted. The units are categorized into three types, source, sink, and general units, which were used to represent the provision of raw materials, collection of final products, and unit operations, respectively (see Tables 1 and 2 for the definitions). The ports are the interfaces between the units, which, in this work, represent materials such as granules. The presence and absence of API in the stream were defined with solid and dotted arrows, respectively. Streams were defined that skip a certain unit(s) to describe the choice of performing the unit(s), e.g., direct compaction that does not involve roller compaction (U 9 ), wet granulation (U 10 and U 11 ), drying (U 12 ), and milling (U 13 ). A process alternative is defined as a combination of the streams, ports, and units from the source to the sink units (i.e., a combination of raw materials, processing technologies, and dosage form). The process is linear, i.e., there is no recycling, and the API is never split into multiple streams in an alternative route.
The key consideration here was to reflect on the characteristics of the process, namely, the dependence of the used materials on the process alternative. For example, when wet granulation (U 10 and U 11 ) is selected, water must be included in the ports before the unit and in the source (S c ). Likewise, the presence of coating (U 16 ), encapsulation (U 17 ), or packaging (U 18 ) will require coating agents, capsules, or packages in the system, respectively. The method of Wu et al. [35] can explicitly define the presence and composition of the materials and thus was suitable for our purpose.
Comprehensive alternative generation
The superstructure in Fig. 1 was developed based on the literature survey as well as the expert knowledge of the industrial coauthors. The superscripts of the general units specify whether the operation is batch (B) or continuous (C). In total, 9452 process alternatives could be defined in Fig. 1 , and their breakdown is presented in Additional file 1. The number of alternatives was calculated by separating the superstructure into parts (see Additional file 1 for the details). This superstructure can be updated by adding new units and/or combinations of units when they become of interest in the analysis.
In this study, the process alternative was denoted as "continuous technology" if all unit operations are interconnected with units of the continuous operation mode. Consequently, the alternative will have a single manufacturing rate for the entire process. If the batch mode is used in any unit, the alternative is regarded as "batch technology," i.e., all units are performed stepwise.
Besides the process alternatives, the formulation concept for different doses was considered. In general, in clinical development, at least two doses are produced, for which two options are available. One is "proportional dosage," which means that all doses have the same composition ratio with different weights. The other is "common dosage" which means that all doses have the same weight but the composition ratios differ. Combinations of these two are also possible. Depending on this choice, the required amounts of the raw materials for the products and the placebos are different, and the consequential economic performance is affected. In this work, we considered the two options of proportional and common dosage as the choice of formulation strategy.
In this study, an alternative was defined as a combination of the process alternative and formulation strategy, i.e., 9452 × 2 = 18,904 alternatives can be enumerated from the superstructure and assessed one by one. In practice, the generation of alternatives could start with a reduced number of alternatives, due to case-specific reasons. Examples of the constraints are the resource availability for development and production, the characteristics of the powder materials, or the company preference based on past experience and/or market characteristics. In the case study presented here, we considered three process alternatives using wet granulation (U C 10 , U B 10 , and U B 11 ) and two formulation strategies (common and proportional), i.e., six alternatives in total. The parts in Fig. 1 marked in blue are the considered alternatives. The choice was because our drug product of interest was suitable for wet granulation.
Economic assessment model Overview of economic assessment
An overview of the cash flow in the drug lifecycle is illustrated in Fig. 2 . The decision stage (τ = 0) is the beginning of phase II in clinical development, where the dosage form, formulation, and processing technology are determined. The design problem was defined as "given the product formulation, find the best process alternatives (a combination of dosage form, processing technology, and raw material) and formulation strategy (proportional or common) that maximizes the economic performance." The economic objective function, NPV(l) [$] was defined as a function of alternative l (see Eq. (1)). 1)), the investment in production facilities (e.g., the continuous manufacturing machine), the product launch, and the end of the commercial production, respectively. This indicator was extended from the conventional NPV [36] by considering the cash flow in the drug lifecycle, in particular, the development cost C dev . For the operating cost, C op (τ), the existing economic evaluation model proposed by our group [22] was used. In case continuous technology is considered as the alternative, an optimization algorithm is run to specify the validated run time to maximize the third term in Eq. (1) (see [22] for details).
The design problem can be expressed as shown in Eq. (2): where the objective function is the expected value of NPV, the design variable is alternative l, and the parameter θ represents the vector of uncertainty parameters. The first constraint serves as the rejection criterion for an alternative. The second, third, and fourth constraints consider the mass balance of raw materials and products/ losses, time-related constraints, e.g., the validated run time for continuous technology, and pharma-specific aspects, e.g., safety stock, respectively (see [22] for the details).
An additional mechanism was defined for investigating the superiority of one alternative over another. Eq. (3) defines the differences in NPV between alternatives l 1 and l 2 ,
The area of ΔNPV l 1 ;l 2 > 0 provides the probability that alternative l 1 becomes preferable to l 2 .
Details of economic assessment
The indicator shown in Eq. (1) distinguishes between the following three development-related tasks: development of formulation and process, scale-up study, and production of clinical investigational drugs. In the formulation and process development, the type of additives and process parameters are usually determined using small-scale equipment. Scale-up studies are then conducted with larger equipment. In the case of continuous technology, the ease of scale-up becomes advantageous. Finally, clinical investigational drugs are produced using the determined formulation and processes, to fulfill the required amount given by clinical-trial examiners. Based on these considerations, the development cost, C dev (τ j ), was defined as shown in Eq. (4). − 1 ] represent the material and labor costs for formulation and process development, scale-up study, and investigational drug production in phase j, respectively. The characteristics of the alternative are reflected in this equation, e.g., a credit for scale-up-free nature can be given when continuous technology is adopted.
The sales, C sales (τ), was formulated as shown in Eq. (5):
where C h drug [$ (dosage unit) − 1 ] and N h demand ðτÞ [(dosage unit) yr − 1 ] represent the selling price and the demand amount of the product with formulation h, respectively.
The operating cost, C op (τ), was defined on the basis of our previous work [22] as: 
The parameters
, and M solvent (τ) [kg yr − 1 ] represent the cost of raw material k, the raw material cost of solvent, the cost of materials for testing, the annual amount of material k used to make the product, amount of annual losses of material k, and amount of solvent used annually, respectively. Examples of losses are sampling, sticking, or discards during start-up. A solvent is used to dissolve the binder or coating agent, and water is used typically. The parameter C disposal [$ kg − 1 ] represents the cost to dispose of a unit amount of loss, which was assumed to be independent of the type of materials. − 1 ] represents capacity cost, i.e., the loss of profits from capacity displaced by the new product as an additional operating cost. The original model in [22] was only for comparing the batch and continuous technologies; in this work, we extended the model to assess all possible process alternatives. Solid drug product manufacturing is a linear process without recycling, and thus the mass balance is simple. The term (M product, k (τ) + M loss, k (τ)) corresponds to the amount of raw material. The solvent (typically water) is dried during the process, and thus the term M solvent (τ) is not included in the mass balance. In the calculation M loss, k (τ) can be specified according to our previous paper [22] with the values provided by the industrial coauthors.
MCS
MCS can quantify various types of uncertainty in clinical development and commercial production by defining the probability density function (PDF) of the input parameters. In the decision stage, i.e., the beginning of phase II, the parameters in the abovementioned models are still open. Moreover, the success of the drug is uncertain. We defined the uncertainty parameters that are subject to a global sensitivity analysis (see Table 3 ). Normally, the variables such as continuous manufacturing rate and start-up operation time can be determined at later development stages through experimental investigations. These variables were classified as internal variables. The variables such as demand amount and success/failure of clinical development are given as external constraints, also at later stages.
In this work, we used a triangular distribution as the PDF for the parameters with ranges/multiple values, which specifies a distribution with the minimum, maximum, and peak values of parameters. The choice of the distribution . 3 Workflow for applying the developed mechanisms was because (i) the triangular distribution can be asymmetric, (ii) the upper and lower ends can be specified, and most importantly, (iii) the distribution can be specified with the information available in phase II.
For the continuous variables such as the manufacturing rate, the PDF f 1 (x) was defined as shown in Eq. (7) .
ð7Þ where x min , x max , and x std represent the minimum, maximum, and standard (i.e., peak) values of an input parameter, respectively. For integer variables such as the number of operators, a discrete triangular distribution [37] , f 2 (x), was used, (Eq. (8)). For the interval of the discrete parameters, the unit value was used.
Regarding the success or failure of the product launch, which is a categorical variable, the discrete (not necessarily triangular) distribution f 3 (x success ) was formulated as Eq. (9).
where p 2 [−] and p 3 [−] represent the probability that clinical development fails at phases II and III, respectively. The parameter x success [−] represents the status of the clinical development, which consists of 0 (development fails at phase II), 1 (development fails at phase III), and 2 (development is successful, followed by product launch).
An MCS can be run using the defined distributions. In this study, the iteration was set as 10,000 and Latin hypercube sampling (LHS) [38] was used as the sampling method. In one iteration, a set of values between 0 and 1, p LHS , was generated for all parameters of all alternatives, which were then converted to a set of actual parameter values, x sample , using the inverse cumulative distribution functions. The relationship between x sample and p LHS , can be formulated as Eq. (10).
Global sensitivity analysis
Global sensitivity analysis can identify critical parameters for decision-making. We used the Spearman rank correlation coefficient (RCC), ρ x [−] [39, 40] (Eq. (11)), as follows. 
where N [−] and d [−] represent the iteration number and the difference between the ranks of the parameters x and ΔNPV l 1 ;l 2 , respectively. In this work, the value of ρ x was set as 0, in the case where the p-value for ρ x was greater than 0.05. For the parameters associated with commercial production, the results of the iterations in which x success = 2 were extracted from the 10,000 datasets and were used in the sensitivity analysis. For the critical parameters, a what-if analysis was performed by changing the PDF to judge whether these parameters would affect the decision. The significance of the difference of ΔNPV l 1 ;l 2 was confirmed by the Kolmogorov-Smirnov test [41, 42] by randomly sampling 100 data The quantity shown in the table is the standard value of the expected required quantity of tablets for clinical trials. In addition, the same amount of placebo is produced for the main and low doses in proportional dosage. For the low dose in common dosage, additional production of placebo is not required because the tablet size is the same as the main dose from the distributions before and after changing the critical parameter [43] .
Workflow for general application Figure 3 presents the workflow for the general application of the mechanisms presented above. In Step 1, alternatives are generated using the superstructure, followed by the specification of the PDFs for the input parameters in Step 2. In
Step 3, each alternative is assessed using the NPV (see Eq. 1), to identify the optimal one (see Eq. 2). The probability of the superiority of the latter to other alternatives (see Eq.
3) is also obtained. If the superiority of the optimal alternative needs to be investigated further (Q1), Steps 2 and 3 are repeated, particularly the sensitivity and what-if analyses. If the obtained information/understanding is sufficient for the final decision (Q2), the analysis can be concluded.
Results and discussion
Scenario setting
To confirm its effectiveness and to obtain practical insights, the presented method was demonstrated in two scenarios. Scenario 1 was the case in which the API was inexpensive and the product demand was small, whereas, in Scenario 2, an expensive API and large demand were assumed (see Table 4 ). The decision stage was the beginning of phase II (see Fig. 2 ). It was assumed that two doses of tablets with high and low API contents were required, with defining the former as "main dose" and the latter as "low dose." As Step 1 of the workflow (see Fig. 3 ), we focused on wet granulation and generated three process alternatives (the blue highlights in Fig. 1 ). In addition, the choice of formulation strategy, i.e., proportional and common dosages, was considered (see Table 5 ). The overview of the six generated alternatives is presented in Table 6 . The alternatives 1 and 2 represent the continuous technology with proportional and common dosages, respectively. For batch technology, high-shear granulation was assumed for alternatives 3 and 4, and fluidized-bed granulation for alternatives 5 and 6. The low-dose formulation was changed depending on the strategy of proportional or common dosages while the formulation of the main dose was fixed. For Step 2, the input parameters, except for the demand amount and the API price, were defined as the same in both scenarios. The expert knowledge of the industrial coauthors was extensively used in determining the input parameters. The values associated with C op were defined as in the previous study by this group [22] . We assumed that (i) there is a facility that is equipped with all three process alternatives, and (ii) the capacity of the facility is sufficient, i.e., C investment = 0 and C capacity (τ) = 0. The uncertainties in the parameters related to C dev were neglected, except for the uncertainty in the required quantity of clinical investigational drugs. A total of 85 uncertainty parameters was considered in both (see Table 3 ). The lot size and the material amount used in clinical development, which are the key input parameters for C develop , are presented in Table 7 . The probability that clinical development fails was also assumed, where p 2 and p 3 were 0.1 and 0.3, respectively.
The results of Step 3 and the investigations on Q1 and Q2 are presented in the workflows for each scenario in Fig. 3 . All the investigated alternatives fulfilled the first constraint of E θ (NPV(l)) > 0 in Eq. (2).
Scenario 1: inexpensive API and small demand
The evaluation result of ΔNPV a, 1 in Scenario 1 is presented in Fig. 4 . Alternative 1 (continuous technology and proportional dosage) was determined as the solution of the design problem (Eq. 2). The alternatives using continuous technology (alternatives 1 and 2) were more beneficial than those using batch technology (alternatives 3-6) regarding the mean. The continuous technology option required less development and operating costs because it needed less scale-up study as well as fewer operators and less manufacturing space. Proportional dosage (alternatives 1, 3, and 5) was more beneficial than a common dosage (alternatives 2, 4, and 6). The proportional dosage saved the mass of additives used in particular in the commercial production because the tablet size of the low dose was smaller in the proportional than in the common dosage. The difference between batch high-shear granulation (alternatives 3 and 4) and fluidized-bed granulation (alternatives 5 and 6) was because it was assumed that the high-shear granulation required less manufacturing space than fluidized-bed granulation. Overall, the decisions on whether to use "continuous or batch" and "proportional or common" were found to be more sensitive than those on "high-shear or fluidized-bed." Among the alternatives other than 1, alternative 5 had the highest possibility of ΔNPV a, 1 > 0 (23.0%). Thus, as an action for Q1, we investigated the superiority of alternative 1 over alternative 5.
The result of the sensitivity analysis on ΔNPV 5, 1 , where the top five sensitive parameters are displayed among the 85 parameters is presented in Fig. 5 (see Additional file 1 for more results). The manufacturing rate in continuous technology, v, was the most influential. Besides, many of the significant parameters were related to labor, and the parameters related to raw materials were not sensitive.
Based on the sensitivity analysis, a what-if analysis was performed on ΔNPV 5, 1 by reducing the manufacturing rate, v. The varied parameters are shown in Table 8 , and the new result of ΔNPV a, 1 is shown in Fig. 6 . When v was . When v was reduced to 15 kg h − 1 , alternative 1 became inferior to alternative 5 regarding the mean, and the probability of ΔNPV 5, 1 > 0 was 53.2%. The result showed again a significant change in ΔNPV 5, 1 (the p-value was 9.24 × 10 − 5 ). Thus, to make the final decision on alternative 1 (Q2), the process characteristic for achieving high-speed manufacturing, e.g., the flowability of the materials, needs to be well understood.
Scenario 2: expensive API and large demand
The evaluation result of ΔNPV a, 6 in Scenario 2 is summarized in Fig. 7 . Alternative 6 (batch technology, fluidizedbed granulation, and common dosage) showed the highest mean, and thus was determined as the solution for the design problem (Eq. 2). In contrast to Scenario 1, batch technology (alternatives 3-6) was better than continuous technology (alternatives 1 and 2) regarding the mean. In this study, the yield of continuous technology was assumed to be lower than that of batch technology [23] ; therefore, the superiority of continuous technology decreased with increasing API price. The choice between continuous and batch largely affected the distributions because both technologies had many independent parameters related to material cost that were sensitive in Scenario 2. The common dosage (alternatives 2, 4, and 6) was better than the proportional dosage (alternatives 1, 3, and 5) this time. Adopting common dosage reduces the API weight percent in a low-dose formulation (see Table 5 ), which reduced the loss of expensive API in particular in the scale-up study and during investigational drug product manufacturing. Consequently, a common dosage became more economical, even though the input parameters were specified in such a way that common dosage required more experimental lots than proportional dosage (see Table 7 ). The superiority of fluidized-bed granulation to batch high-shear granulation remained the same as in Scenario 1. Alternative 2 showed 42.9% as the possibility of ΔNPV a, 6 > 0, which was the highest among the other alternatives. This result led us to compare alternatives 2 and 6 further regarding the superiority, as an action to Q1. The sensitivity analysis of ΔNPV 2, 6 in Scenario 2 is shown in Fig. 8 (see Additional file 1 for the detailed results). The RCC of the most influential parameter, which was the status of clinical development, was negative, i.e., if the development fails, continuous becomes lucrative. This is because continuous was better than batch in terms of C dev , the tendency was the opposite in C op , and the impact of these values (summed over years) was huge. The possibility of ΔNPV 2, 6 > 0 was mostly due to the possibility of clinical development failure, which is not controllable in process design. Among the parameters in commercial production, material-related parameters were relevant, indicating the impact of the high API price assumed in Scenario 2.
A what-if analysis was performed on the sensitive parameters for ΔNPV 2, 6 (see Table 8 and Fig. 9 ). First, the manufacturing rate, v, which was originally distributed (see Table 8 ), was fixed at 25 kg h − 1 -the fastest, and thus most advantageous, condition for continuous technology. The distribution of ΔNPV 2, 6 did not change significantly (the p-value was 0.677), and the probability of ΔNPV 2, 6 > 0 increased from 42.9 to 48.5% ( Fig. 9 ). Then, the sum of losses due to shut-down and start-up operations, m continuous loss;shut and m continuous loss;start , was reduced to half (8.75 kg lot − 1 ) of the original standard value (17.5 kg lot − 1 , see Table 8 ). This time, a significant change in ΔNPV 2, 6 (the p-value was 5.70 × 10 − 10 ) was observed from the previous analysis (Fig. 9 ). The probability of ΔNPV 2, 6 > 0 increased to 90.9%, and the mean was positive, indicating that alternative 6 became inferior to alternative 2. To conclude, alternative 6 (batch fluidized bed, proportional) can be selected in Scenario 2. However, for alternative 2 it is highly likely to be superior in the event of clinical development failure, and when high-speed manufacturing with rapid start-up and shut-down is possible. These points need to be understood to make the final decision on alternative 2 (Q2).
Software tool "SoliDecision"
Efforts are currently being made for implementing the presented method as a software named "SoliDecision" (a combination of "solid" and "decision.") A prototype version was written in MATLAB R2019a (The MathWorks, Inc., Natick, MA, US) and was compiled as an executable (.exe) file using MATLAB App Designer. The compiled exe file constitutes a standalone desktop application that can be run without the MATLAB software environment. A graphical user interface of the prototype is shown in Fig. 10 (a version as of December 22, 2019) (see also Additional file 1). For the calculation of probabilities of NPV for six alternatives, it took 174 s using Intel® Core™ i7-8550U CPU @ 1.80 GHz with 16.0 GB RAM memory. The prototype can reproduce the results presented above by following the steps of alternative generation, input parameter specification, and stochastic economic assessment. Some of the parameters, e.g., API price, can be varied. In the future, a full-licensed version will be developed where the users have the right to simulate various situations with freely varying the input parameters. The prototype (status December 22, 2019) will be available upon reasonable request to the corresponding author.
Conclusions and outlook
A new method for process synthesis and economic assessment for solid drug product manufacturing, considering continuous manufacturing as the prominent process alternative was presented. The method targeted the beginning of phase II as the decision stage. A superstructure was developed that covered 9452 options at the unit level, which was combined with two formulation strategy options. To assess the generated alternative, an MCS-based model was defined for calculating the NPV and for global sensitivity analysis. The workflow was demonstrated in a case study where two different scenarios regarding API price and demand were assumed. A practical finding was obtained that, when the demand and price are both low, the labor-related costs are dominant, and in the opposite case, the materialrelated costs become relevant. We also introduced the prototype version of the software "SoliDecision" that implemented the presented method for industrial application. The work highlighted the importance of developing new approaches to move away from the conventional empirical methodologies to a systematic and comprehensive development of optimal solutions. In the future, integration of other decision aspects, such as quality, could be pursued, toward multiobjective decisionmaking in drug development and manufacturing. 
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